We performed a comprehensive analysis of the molecular, serological, and clinical features of 16 consecutive cases of invasive streptococcal disease (ISD). The majority of cases were linked to two group A streptococcus (GAS) clones closely related by pulsed-field gel electrophoresis (PFGE) and designated as PFGE-1 and PFGE-1.1. These clones, serotyped as M-3, T-3/B3264, carried an allelic variant of the gene that encodes pyrogenic exotoxin A (speA3) and the gene that encodes streptococcal superantigen (SSA) but different emm alleles that encode M-protein. The characteristics and clinical features of patients were similar to those described in previous reports, regardless of the responsible GAS clone. However, worse clinical outcomes (shock and death) were more frequent when patients infected with PFGE1/1.1 clones were considered as a group and compared with all other patients as a group. One striking feature in some patients with deep tissue infection was a lack of inflammatory cells despite the presence of numerous streptococci. An evaluation of PFGE profiles of GAS isolated elsewhere demonstrated that the PFGE-1 clone has caused invasive disease in other locations in the United States and in Japan.
Recently, a resurgence of invasive disease caused by group quencing of the N-terminal variable domain of the gene (emm) that encodes M protein. Additional studies, which included A streptococcus (GAS) has occurred in the United States. Published studies of cases of invasive streptococcal disease (ISD) molecular characterization of pyrogenic exotoxins and conventional M and T protein serotyping, were subsequently perhave focused on the demographic and clinical features of this illness [1 -4] . Only one report, which described a small number formed to confirm the genetic relatedness of these isolates. The medical records of patients with ISD were also reviewed to of cases of ISD in a closed military population, provided comprehensive molecular microbiological data for the responsible determine whether common clinical features existed. We previously reported a focused epidemiological investiga-GAS strain [5] .
In early 1995 we diagnosed two cases of ISD. By using tion that was conducted for seven of these 16 patients who presented with ISD in the first 3 months of 1995. These cases the technique of pulsed-field gel electrophoresis (PFGE), we determined that GAS isolates from these patients were indistinwere caused by the same GAS clone, which we arbitrarily designated pulsed-field gel electrophoresis type-1 (PFGE-1). guishable. We subsequently analysed GAS isolates from 14 additional patients who developed ISD during the period 1 Four of these cases were epidemiologically linked to one elementary school located in one community in our region, where January to 30 June 1995. These isolates were screened for clonality by two molecular techniques: PFGE and DNA sethe PFGE-1 streptococcal clone predominated among pharyngeal carriers. In the current report we present a comprehensive analysis of the molecular, serological, and clinical features of all 16 cases of ISD diagnosed at our institution during the first Identification of GAS. b-Hemolytic streptococci were isolated from patient samples with use of trypticase soy agar and 5% sheep blood (Becton Dickinson Microbiology Systems, Cockeysville, MD) and confirmed by a direct fluorescent antibody test (Difco Laboratories, Detroit). Isolation and identification of GAS were performed in the Mayo Clinic Microbiology Laboratory (Rochester).
PFGE. Relatedness of GAS isolates was determined in real time by comparing Sma I restriction enzyme digests of chromosomal DNA separated by PFGE, according to methods previously published [8 -10] . All PFGE determinations were done presence of DNA sequences that hybridized to the genes encoding itis, a condition defined as destruction of fascia and fat but exotoxin A (speA) and exotoxin C (speC) was determined with use sparing of the skin [7] ; however, this presentation was not of 32 P-labeled DNA probes specific for each gene, as previously required for the definition of invasive disease in the current described [14] . Production of streptococcal pyrogenic exotoxin study. For the purposes of this review, severe pain was defined (SPE) A, SPE B, or SPE C was assessed by using an Ouchterlony as pain that responded poorly or not at all to analgesics such immunodiffusion technique [15] . A DNA probe analysis for the as acetominophen, aspirin, or other nonsteroidal anti-inflamspeB gene was not done because previous studies have demonmatory agents and frequently required narcotics or similar medstrated that ú99% of GAS strains have the gene [14] . All of these ications for relief.
evaluations were performed at the Department of Microbiology, All patients who fulfilled the criteria for invasive GAS disUniversity of Minnesota, Minneapolis. ease at the Mayo Medical Center located in Rochester, MinneStreptococcal superantigen (ssa) gene identification. The sota (Community A, figure 1) or at its affiliated clinics (part presence of DNA sequences encoding streptococcal superantiof the Mayo Regional Healthcare System) during the period 1 gen (SSA) was determined in the Molecular Pathobiology LabJanuary 1995 through 30 June 1995 were prospectively studied.
oratory at the Baylor College of Medicine with use of preThe Mayo Medical Center serves as a major tertiary referral viously described methods [16] . center for a significant part of the upper midwestern United M and T protein serotyping. M protein typing for serum States. Because of the severity of ISD, which frequently reopacity factor (OF) -positive strains was determined by inhibiquires tertiary care and/or consultation, it is unlikely that other tion of this reaction by M-specific antisera, according to a cases in this region were not treated or were unrecognized previously described method [17] . For OF-positive strains that during this period or were referred longer distances to tertiary failed to react with the above anti-OF test, or for OF-negative centers other than the Mayo Medical Center.
strains, an Ouchterlony gel diffusion method was used [18] . T Data collection. The medical records of all patients with protein typing was performed by using a previously-described ISD were reviewed, and interviews with these patients and/or slide agglutination method [19] . All serotyping was performed relatives or close contacts were conducted to determine pertiin the Provincial Laboratory of Public Health at the National nent demographic and clinical information. GAS additional patients (patients 1, 2, and 7) who underwent fullthickness skin and subcutaneous biopsies of tissues infected with GAS. The results showed that these patients also had few sum test or Fisher's exact test. Statistical comparisons of patient or no inflammatory cells in the superficial subcutaneous tissues; characteristics with clinical outcomes; of treatment intervenhowever, a more intense inflammatory response was noted in tions with mortality; or of necrotizing fasciitis, STSS, and death deeper subcutaneous tissues, where perivascular inflammatory were calculated with use of the exact Wilcoxon rank-sum test cells as well as venous thrombi were observed. Bullous formaor the Fisher's exact test. tion in the superficial skin over the area of infection was frequently observed in patients with deep tissue infection, but this finding did not occur until late in the course of the illness.
Results
Like patient 12, two other patients presented with symptoms suggestive of more common disorders, and as a result, approAll patients except one resided within a 100-mile radius of the Mayo Medical Center. Thirteen patients were from southpriate treatment for invasive streptococcal disease was delayed. Patient 2 had low back pain which was initially believed to be eastern Minnesota, one was from western Wisconsin, and another lived in northern Iowa. The remaining patient was from due to lumbar radiculopathy. During his first medical evaluation, patient 6 was believed to have early right thoracic herpes western South Dakota (figure 1).
PFGE patterns of genomic DNA for GAS isolates from eight zoster infection (shingles). Table 2 shows the demographic and clinical features of all of these 16 patients were indistinguishable. Figure 2 shows this pattern, which is arbitrarily referred to as the PFGE-1 pattern.
16 patients. These same features are compared between two subgroups of these 16 patients, according to the PFGE profiles All other GAS isolates had PFGE patterns dissimilar to one another and dissimilar to the PFGE-1 pattern. One of these of their GAS isolates (PFGE-1/1.1 vs. non-PFGE-1/1.1 isolates). Fewer patients in the PFGE-1/1.1 group than in the differed by one band from the PFGE-1 pattern (lane 14, figure  2 ) and, according to recent criteria published for PFGE, was non-PFGE-1/1.1 group had underlying medical conditions or had sustained antecedent trauma, but more of the patients in therefore closely related to the PFGE-1 strain [20] . This latter strain is arbitrarily referred to as PFGE-1.1. A majority of the PFGE-1/1.1 group developed STSS, and more died. The / 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID only association, however, that was statistically significant A streptococcal serotyping in the United States, a delay of several days or longer would have occurred before the results for serotypfor comparison between these two subgroups was male gender and infection with PFGE-1/1.1 strains (P Å .019). It is ing would be available. Fortunately, we were able to retrieve GAS isolates from all of the patients with ISD, which has not curious that all of the PFGE-1/1.1 -associated cases occurred in males.
been the case in most other studies. By using PFGE, we identified a GAS clone, arbitrarily designated PFGE-1, that caused disease Additional statistical analyses were undertaken to determine if associations existed between certain patient characteristics in half (eight of 16) of the patients. Seven of these eight patients were from southeastern Minnesota, and one was from northern and clinical outcomes. For these determinations, patients were not subgrouped as to the PFGE profiles of their streptococcal Iowa. Another patient from southeastern Minnesota (patient 14; table 1; lane 14; figure 2) had an isolate with a PFGE profile isolates. The patient characteristics studied included gender, age, antecedent trauma, use of anti-inflammatory drugs before closely related to the PFGE-1 clone (only one band difference, designated PFGE-1.1). All other patients had GAS isolates that the diagnosis of ISD, any underlying medical condition, and the most frequently observed underlying medical condition, possessed unique PFGE profiles. As mentioned previously, the first seven ISD cases caused chronic alcoholism. Clinical outcomes to which each of these patient characteristics were independently compared included by the PFGE-1 clone likely represented a true outbreak [21] . All of these occurred in residents of three adjacent Minnesota necrotizing fasciitis, shock, and death. The only association that approached statistical significance was male gender and counties (figure 1) over a 10-week period during the first 3 months of 1995. Furthermore, four of these cases were epidemideath (P Å .077). Separate statistical analyses were done to determine whether three different treatment regimens (the use ologically linked to children in one elementary school located in Community B in one of these counties, where the PFGE-1 of antimicrobial protein synthesis inhibitors, such as clindamycin, or of pooled human Ig or debridement or amputation)
clone accounted for 78% of GAS isolated from pharyngeal carriers. Two additional cases in the current series were probawere associated with survival for all 16 patients, regardless of their streptococcal PFGE profile. These analyses demonstrated bly related to this three-county outbreak, since PFGE results for GAS isolates from these cases were indistinguishable from no statistically significant associations. Finally, statistical analyses were performed to determine whether the association of or closely related to the PFGE-1 pattern (patients 12 and 14,  table 1 ). It appears that this streptococcal clone had spread in any two of three clinical outcomes (necrotizing fasciitis, shock, or death) existed for all patients, regardless of the streptococcal a southwesterly direction over time to Community F in Minnesota and Community I in Iowa from the three-county Minnesota PFGE profiles. For these comparisons, the only statistically significant association was that between shock and death area where the first cases of ISD due to PFGE-1 occurred (figure 1). (P Å .0014). Table 3 shows that seven of the eight PFGE-1 isolates carried In some instances nucleic acid sequencing of the N-terminus of the emm gene provided additional information about the emm3.4 allelic variant of the emm3 gene. The isolate from one of these seven patients (patient 7) had a single nucleotide strains. This technique, in combination with PFGE, permitted discrimination of strains to a greater extent than was change in the emm3.4 sequence. The remaining PFGE-1 isolate (from patient 9) carried the emm3.7 allele, and the single PFGEpossible with conventional serotyping methods. In the case of PFGE profiling, M and T serotyping would not have dis-1.1 isolate (from patient 14) carried the emm3.1 allele. All PFGE-1/1.1 isolates carried the speA3 allelic variant of the criminated the PFGE-1.1 clone (patient 14, table 3) from the PFGE-1 clone. In the case of emm sequencing, M serotyping speA gene, and the ssa gene. All PFGE-1/1.1 isolates serotyped as M-3; however, one other isolate (from patient 13) with a would not have discriminated the emm3 alleles identified among our patients, especially those whose isolates had unique PFGE profile also serotyped as M-3 and carried the emm3.4 allele. This isolate was not T typable; all PFGE-1/1.1 PFGE-1/1.1 profiles. As another example, the isolate from patient 13 was M typable but not T typable. PFGE of this isolates were T typable as T-3/B3264. Non-PFGE-1/1.1 isolates possessed a variety of pyrogenic exotoxin genotypes and all isolate, which serotyped as M-3, showed that it was not related to the PFGE-1/1.1 isolates. Without PFGE profiling, but one (from patient 13) lacked the ssa gene.
the results of M typing for this isolate might have miscategorized it as related to the PFGE-1/1.1 isolates, all of which Discussion serotyped as M-3. As the result of increased discrimination, these molecular To our knowledge, this is the first study where comprehensive molecular techniques were used to evaluate patients with ISD in methods provided insight into the dymanics of strain variation during the outbreak; this discrimination is not possible with an open civilian population. In fact, one of these techniques, PFGE, was used in real time. Therefore, this typing method was serotyping. As the outbreak progressed, more sequence variation in the emm gene occurred in those streptococcal isolates performed immediately after isolating GAS from a patient with ISD. Because there is only one laboratory that performs group that had the PFGE-1/1.1 profiles. No emm sequence variation / 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID NOTE. Cm Å clindamycin; G Å gammaglobulin; NF Å necrotizing fasciitis; Pen Å penicillin; PFGE Å pulsed-field gel electrophoresis; STSS Å streptococcal toxic shock syndrome. * See figure 2 for gel patterns. † PFGE for this patient was closely related to the PFGE-1 strain (one band difference) and is therefore designated PFGE-1. ‡ These patients were receiving allopurinal daily for gout prophylaxis, which can cause stem cell cytopenia; cytopenia was observed at the time of admission for patient 14 but not patient 15. was observed in the first four PFGE-1 isolates in the outbreak that the emm variants that we observed represent escape mutants that were selected as a consequence of exposure to the (patients 1, 4, 5, and 6). All of these isolates had the emm3.4 allele. The next PFGE-1 isolate (from patient 7) had an emm human antibody response during the outbreak. The demographic and clinical features of the patients in our sequence that differed by one nucleotide from the emm3.4 allele. Isolates from two patients who developed ISD after this series (tables 1 and 2) were similar to those reported recently in two large population-based studies [23, 24] . Like the patients patient had more significant differences in emm sequences. One isolate (from patient 9) that had the PFGE-1 profile had the in these studies, the majority of our patients were older men. In addition, like the patients in those studies, a majority of emm3.7 allele. The other isolate (from patient 14) that had the PFGE-1.1 profile had the emm3.1 allele.
our patients had underlying medical conditions, and the most frequent clinical presentations were skin infection or soft-tissue The changes that we observed in the emm gene sequences in the streptococcal isolates from our patients were anticipated, infection. In contrast to the previous findings, the frequencies of STSS or death were higher among our patients. This may as other investigators have shown that the emm gene, especially the N terminus, is prone to mutations [11, 12] . Because the N be related to the greater diversity of streptococcal strains in previous outbreaks (some of which may have been less virulent terminus of the M protein molecule is generally believed to be an important target of the host antibody response, it is possible than the strains in the current outbreak), to the relatively large / 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID patient populations surveyed, and the ascertainment of cases complex class II -dependent T cell proliferation on the basis of the composition of the variable part of the beta chain (Vb) of less-severe disease by those investigators.
The severity of illness associated with the PFGE-1/1.1 clones of the T cell receptor. This stimulation leads to the release of lymphokines, which likely was in part related to the expression of M-3 protein, SPE A, and SSA [16, 25] . The majority of severe ISD cases diagcause capillary leak and thus contribute to toxic shock syndrome. In addition, these toxins amplify the lethal effects of nosed recently in the United States have been associated with M-protein serotypes M-1 and M-3, which produce SPE A or endotoxin and have direct effects on the vascular endothelium to cause capillary leak. DNA sequencing of the speA genes SPE B or both [2, 4, 13, 22, 23 -28]. Lee and Schlievert [29] have recently shown that the quantity of SPE A exceeded that from all PFGE-1 streptococcal isolates showed that they were the speA3 allelic variant of speA. This allelic variant may be of SPE B or SPE C in STSS-associated GAS isolates. These investigators also demonstrated that the toxicity (lethality) of a more potent superantigen than the other speA allelic variants [13, 31] . If the outcome for our patients is assessed on the SPE A in rabbits exceeded that of SPE C. Streptococcal pyrogenic exotoxins and SSA all function as superantigens [16, basis of the presence of speA genes and not PFGE profiling, only the patients who were infected with GAS that carried the 25, 29, 30]. Superantigens stimulate major histocompatibility / 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID Gross and microscopic photographs of one patient with necrotizing fasciitis due to group A streptococcus. This patient presented with severe left-ankle pain that was believed to be gouty arthritis. He subsequently died of complications related to streptococcal toxic shock syndrome. A, the patient's left foot. Note the bullous formation and surrounding erythema (arrow), which was not present until shortly before death. Bullous formation frequently occurred in our patients over areas of deep infection, but this finding was not usually present until late in the course of their infections. B, microscopic section of skin and subcutaneous tissue obtained from the area of bullous formation of the left foot (magnification, 1100). The tissue section is stained with hematoxylin and eosin and demonstrates separation of the intact epidermis and dermis from the subcutaneous tissue. In the subcutaneous tissue, there is extensive fat necrosis and edema. C (magnification, 1200) and D (magnification, 1400), gram stain of the superficial subcutaneous tissue. Note the high density (palisades) of gram-positive microorganisms (arrows) and absence of inflammatory cells at both low-and high-power magnifications. Sections from deeper subcutaneous tissues, muscle, and vascular tissues in this and other cases showed a more intense acute inflammatory response, with perivascular inflammatory cells and evidence of venous thrombosis.
speA gene died. The two patients whose streptococcal isolates The inability to demonstrate statistically significant associations between a number of patient characteristics and clinical carried only the speC gene survived (patients 3 and 11, table 3). Both of these patients were women.
outcomes or between treatment interventions and clinical outcomes, when all patients were analyzed regardless of PFGE One patient (patient 3) had necrotizing streptococcal pneumonia and STSS. The other (patient 11) had streptococcal enstreptococcal profiles, may in part be due to the low number of evaluable patients. There was a trend toward statistical sigdometritis with bactermia. She did not develop STSS. An additional patient's disease was caused by a GAS strain that did nificance when male gender and one outcome, death, were compared (P Å .077). There was a statistically significant assonot carry genes encoding either SPE A or SPE C (patient 8). This patient was a woman who had cellulitis with secondary ciation between the development of toxic shock syndrome and death (P Å .0014). Recent anecdotal reports concerning hu-GAS bacteremia but did not develop STSS. The role that SSA plays in the outcomes for patients remains unknown, although mans and the results of controlled studies in animals suggest that antimicrobial protein synthesis inhibitors such as clindaall of the isolates from these three patients lacked the gene encoding SSA.
mycin may decrease the production of virulence proteins (i.e., / 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID [30] . The results of similar isolates carried the speB gene and had the capacity to express it in vivo [14] . Finally, the lack of inflammatory response in studies in humans and animals also suggest that pooled human immune globulin may neutralize the effects of these proteins infected tissues could also be explained by large amounts of TNF-a that may be released after exposure to SPE A. Like [32] . In the current limited study, we were unable to demonstrate that these interventions or surgical debridement of innonsteroidal anti-inflammatory agents and aspirin, TNF-a has the ability to inhibit polymorphonuclear chemotaxis [37] . Of fected tissue affected the development of necrotizing fasciitis or STSS or affected survival.
interest, recent studies conducted in rabbits have shown that when animals immunized against SPE A were challenged with We were impressed by the elusive presentation of ISD in several of our patients. For one patient (patient 12, table 1, M-3 GAS, they developed localized abscesses that contained polymorphonuclear leukocytes. In contrast, when animals not figure 3), early on in the course of his illness, necrotizing fasciitis was misinterpreted as gout. For two other patients who immunized against SPE A were challenged with M-3 GAS, they did not develop localized infection, and no cellular imalso eventually developed necrotizing fasciitis, initial symptoms were believed to represent shingles (patient 6, table 1) or mune response occurred in localized tissue [38] . We were able to retrieve serum from only one of our patients (patient 6) who lumbar radiculopathy (patient 2, table 1). In all of these cases, severe, unrelenting pain was present early on at the site of developed deep tissue infection and subsequently died. This serum sample, which was obtained after death, showed no streptococcal infection; fever occurred late in the course of the illnesses. For these and other patients, extensive deep softdemonstrable antibodies to SPE A. The predominant streptococcal clone in our patients, PFGEtissue infection was present despite an absence of external cutaneous signs. For four of the eight patients with deep tissue 1, appears to have caused invasive disease in other regions of the United States and at least one foreign country over the past infection who underwent full-thickness and subcutaneous biopsies of infected tissue (e.g., patient 12, figure 3), histological few years. DiPersio and colleagues [39] reported that an M-3 GAS clone caused invasive disease in 1994 among family evaluation showed few or no inflammatory cells in the superficial subdermis despite extensive edema and necrosis and the members and their health care providers in Ohio. Ichiyama and colleagues [40] also demonstrated that a virulent M-3 GAS presence of numerous streptococci. However, histological sections from deeper subdermal tissue showed a more intense clone that caused invasive disease in one patient in 1994 also caused pharyngitis or was carried in the throats of five family acute inflammatory response where perivascular inflammatory cells as well as venous thrombi were observed. The relative members at the same time. Although we have not examined isolates from these studies, Sma I digests of chromosomal DNA lack of an inflammatory response, especially in the superficial subcutaneous tissues, was unexpected.
from these clones appear to have PFGE profiles identical to that of the PFGE-1 clone. It is curious that a similar observation was made by Meleney in 1924 [33] . The reasons for this could be multifactorial. All
We recently tested a sample of M-3 GAS isolates from a 1993 -1994 outbreak of severe invasive streptococcal infection of the four patients with evaluable biopsy specimens had either used nonsteroidal anti-inflammatory agents or aspirin for other in North Carolina [41] (kindly provided by Drs. Deanna Kiska and Peter Gilligan). Sma I digests of chromosomal DNA from reasons before the onset of their illnesses or had used them early in the course of their streptococcal illness for pain relief.
these isolates also had PFGE patterns identical to the PFGE-1 pattern. Additional testing showed that all of these isolates also These drugs may alter granulocyte functions such as chemotaxis, phagocytosis, and bacterial killing. Inhibition of chemocarried the emm3.4 allele. This clone was also demonstrated by Musser and colleagues to be the cause of severe invasive taxis might explain the perivascular marginalization of inflammatory cells in the deep subcutaneous tissue, with little or disease in the United States before 1993 [28] . They have arbitrarily designated this clone ET2 on the basis of multilocus no distribution of these cells in the superficial subcutaneous tissues. Recent reports suggest that patients with invasive strepenzyme electrophoretic profiling and note that all of the ET2 isolates they studied carried the speA gene and serotyped as tococcal disease who take nonsteroidal anti-inflammatory agents may be more at risk for necrotizing fasciitis [34] and M-3, and virtually all carried the emm3.4 allele. Recently these investigators have identified this same clone as causing severe STSS [35] . The relative lack of inflammatory cells in infected tissues may also relate to the recent discovery that streptococcal invasive disease in Ontario, Canada (J. M. Musser, unpublished observations). All of these findings demonstrate the remarkable cysteine protease (pyrogenic exotoxin B) cleaves the urokinase plasminogen activator receptor, a process that would also result ecological stability of this highly virulent streptococcal clone and may have important implications for future surveillance in a detrimental effect on the host's ability to produce a cellular response [36] . and preventative strategies.
In conclusion, we report a series of ISD cases that occurred We did not examine our strains for the presence of the speB gene that encodes SPE B protein. Many of our isolates did not over a relatively short period in an open civilian population served by our medical center in the upper midwestern United express the SPE B protein in vitro, but based on the results of prior studies by other investigators, we presume that these States. By using both PFGE and DNA sequencing of a hyperva-/ 9c4e$$ju66 05-13-98 10:12:57 cidas UC: CID
